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MARS NONSTOP ROUND-TRIP TRAJECTORIES 

by Roger w. Luidens and Jay  M. Kappraff 

L e w i s  Research Center 

Manned and unmanned 
manned landing on Mars. 

SUMMARY 

nonstop round t r i p s  
Light weight vehicle  - 

t i o n s  are des i rab le .  Three kinds of nonstop 
lyzed. They are character ized by t h e  method 

may be precursors  
systems and shor t  

of t h e  first 
mission dura- 

round-trip t r a j e c t o r i e s  are ana- 
of tu rn ing  t h a t  i s  used a t  Mars: 

(1) grav i ty  only, ( 2 )  g rav i ty  supplemented by propulsion, and (3) g rav i ty  sup- 
plemented by aerodynamic forces .  
1970 t o  1971 and 1979 t o  1980 on t h e  b a s i s  of t o t a l  propulsive v e l o c i t y  incre-  
ment, mission duration, Earth en t ry  velocity,  and view of Mars. For t h e  m i s -  
s ions using aerodynamic forces ,  t h e  vehicle  l i f t - d r a g  r a t io ,  g-load, and Mars 
en t ry  v e l o c i t y  are presented. 

These t r a j e c t o r i e s  a r e  compared for the  years 

Gravity t u r n s  occur only w i t h  mission durations near 360 or 550 days. The 
In comparison, fas ter  t r i p s  r equ i r e  t h e  higher propulsive ve loc i ty  increments. 

t he  propulsion-gravity t u r n  o f f e r s  t r i p  times as low as 400 days with l i t t l e  
increase i n  t o t a l  propulsive increment over that f o r  t h e  550-day g r a v i t y  tu rn .  
O f  t h e  t h r e e  types of t r a j e c t o r i e s ,  t h e  atmospheric t u r n  t r a j e c t o r y  o f f e r s  the 
lowest t o t a l  propuls ive v e l o c i t y  increments. The minimum t o t a l  propulsive 
ve loc i ty  increment f o r  atmospheric t u r n  t r a j e c t o r i e s  occurs f o r  t r i p s  near 
1 year i n  duration. 

All three t r a j e c t o r y  types y i e ld  at l e a s t  an oblique view of t h e  s u n l i d  
s i d e  of Mars. Also, t h e  approach v e l o c i t i e s  a t  Earth are 65,000 feet  per sec- 
ond or less. For t h e  atmospheric t u r n  t r a j e c t o r i e s ,  t h e  Mars e n t r y  v e l o c i t i e s  
are 47,000 feet  per  second or less, and the g-loads are below 7 Earth g ' s .  
Vehicles with a l i f t - d r a g  r a t i o  of 1.5 or l a rger  a re  desirable .  Missions are 
more d i f f i c u l t  during t h e  years of 1979 t o  1980 than during 1970 t o  1971 i n  
terms of propulsive v e l o c i t y  increments and atmospheric en t ry  ve loc i t i e s .  The 
propulsion-gravity-turn and atmospheric-turn types of 
t r a c t i v e  f o r  e a r l y  nonstop round t r i p s  t o  Mars. 

" 
INTRODUCTION 

Manned and unmanned nonstop round t r i p s  may be precursors of t h e  first 
manned landing on Mars. 
Earth and, without stopping, f l y  pas t  Mars and r e tu rn  t o  Earth. In  general, 
a veh ic l e  placed on a t r a j e c t o r y  t o  Mars w i l l  not r e tu rn  t o  E a r t h .  In  many 

The vehic le  f o r  such a t r i p  w i l l  be  launched from 



cases, however, an Earth r e tu rn  can be achieved if  t h e  t r a j e c t o r y  is  modified 
by one of t h e  following means: (1) t h e  g rav i ty  of Mars, ( 2 )  t h e  g rav i ty  sup- 
plemented by propulsion, o r  (3) t h e  g rav i ty  supplemented by aerodynamic forces .  
The t r a j e c t o r i e s  r e su l t i ng  from t h e  first kind of modification were analyzed i n  
reference 1. This kind of t r a j e c t o r y  occurs only with periods near those of 
o r b i t s  t h a t  a r e  synchronous with t h e  o r b i t  of t h e  Earth around t h e  sun, t h a t  
is, with periods near 1.0, 1.5, 2 . 0  years, and so  for th ,  with t h e  highest  pro- 
pulsion requirement occurring f o r  t h e  1-year mission. This report  contains an 
ana lys i s  of t h e  cha rac t e r i s t i c s  of t r a j e c t o r i e s  r e su l t i ng  from t h e  second and 
t h i r d  types of t r a j e c t o r y  modification. Reduced propulsion requirements and a 
wider range o f  possible  t r i p  durat ions a r e  goals t o  be sought with t h e  in- 
creased freedom afforded by these  modifications. 

In t h i s  report ,  t h e  preceding t h r e e  kinds of nonstop round-trip t r a j e c t o -  
ries a r e  compared f o r  t h e  years 1970 t o  1 9 7 1  and 1979 t o  1980 on t h e  bas i s  Of 

t h e  required t o t a l  propulsive ve loc i ty  increment, mission duration, Earth en t ry  
veloci ty ,  and view of Mars. The vehic le  l i f t - d r a g  r a t io ,  g-load, and Mars 
en t ry  veloci ty  are presented f o r  t h e  t r a j e c t o r i e s  using aerodynamic forces  a t  
Mars. 

ANALYSIS 

A typ ica l  nonstop round t r i p  t o  Mars is  shown i n  f igu re .1 .  In t h e  present 
study, t h e  mission starts i n  a c i r c u l a r  o rb i t  about Earth a t  1.1 r a d i i .  A pro- 
puls ive ve loc i ty  increment is  impulsively applied t o  send t h e  space vehicle  t o -  
ward Mars. A t  Mars, t h e  t r a j e c t o r y  i s  modified i n  one of t h e  aforementioned 
ways; a t  Earth return,  atmospheric braking i s  used. A s  will be discussed i n  
t h e  section RESULTS AND DISCUSSION, t h e  Earth approach v e l o c i t i e s  appear feas-  
i b l e  f o r  atmospheric braking. For t h e  purpose of analysis ,  t h e  ove ra l l  tra- 
jec tory  is  considered t o  be made up t o  in te rp lane tary  and planetary two-body 
segments that a r e  matched a t  t h e  sphere of influence of t h e  planet .  

,rAphelion of Mars orbit 

\ Interplanetary Tra jec tor ies  
/' '. 

\ 
,-Orbit of \ / 

To determine t h e  in te rp lane tary  t ra- 

' // \ Earth and Mars a t  spec i f ied  times m u s t  be 
jec tor ies ,  t h e  motions and pos i t ions  of 

known. In t h e  present analysis ,  t h e  or-  
b i t a l  motions of t h e  planets  as given by 
an epheremeris were approximated by 
mutually incl ined e l l i p s e s  (ref. 2 )  from 
which t h e  planetary ve loc i ty  vectors  and 

,,,' Earth \ 
\ / s--. 

/ 

\ 

Launch date I ' ' 
/ 

/ 
\.-/ ' /  / '. / pos i t ions  were then calculated.  '\ 

; 3  
If t h e  planetary motions a r e  known, Outbound leg time J' 

Perihelion of 
Mars orbit t h e  c h a r a c t e r i s t i c s  of an Earth-Mars t r ans -  

Figure 1. -Mars nonstop round-trip trajectory. Launch f e r  t r a j e c t o r y  a r e  calculated as follows: 
year, 1970 to 1971. 
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/ 

LArrive Mars 
trajectory 

/ 

Desired depart 
Mars trajectory 

Figure 2. - Heliocentric and planetocentric velocity vectors at 
Mars sphere of influence. 

(1) A launch date  is specif ied.  
This defines t h e  pos i t ion  and motion of 
the Earth when t h e  space vehic le  departs  
from Earth. 

( 2 )  An Earth-Mars t r a n s f e r  time i s  
selected.  This, together  wrth t h e  l iunch 
date, def ines  t h e  pos i t ion  and motion of 
Mars a t  a r r i v a l  of t h e  space vehicle .  

(3) The unique t r a n s f e r  t r a j ec to ry ,  
a conic section, which connects Earth and 
Mars i n  t h e  specif ied outbound l e g  time, 
is found by using t h e  procedure described 
in  reference 2. 

Similarly, a re turn  t r a n s f e r  tra- 
jec tory  is  defined by using t h e  Mars departure date, which f o r  nonstop missions 
is  t h e  arrival date, and by specifying t h e  re turn  t r i p  t i m e .  

From t h e  outbound and re turn  t r a n s f e r  t r a j ec to r i e s ,  the he l iocen t r i c  path 
angles a2 and a3 (fig. 2 )  and t h e  he l iocent r ic  v e l o c i t i e s  a r r iv ing  at and 
departing from Mars VH,2 and 'H,3 can be calculated.  (The methods 
of r e f .  2 were used t o  obtain t r a j e c t o r y  data f o r  t h e  present analysis;  however, 
some of t h e  r equ i s i t e  in te rp lane tary  t r a j e c t o r y  da ta  a r e  a l s o  tabula ted  i n  
r e f .  3.) 

The previous procedure gives t h e  arr iving and leaving ve loc i ty  vec tors  a t  
Mars i n  coordinates centered on t h e  Sun. In t h e  v i c i n i t y  of Mars, Mars r a the r  
than t h e  Sun i s  the p r inc ipa l  grav i ta t ing  body. It is, therefore ,  appropriate  
and mathematically convenient t o  consider the  t r a j e c t o r y  near Mars i n  Mars- 
centered coordinates. 

Mars-Cent ered Tra jec tor ies  

A change i n  coordinates is made at t h e  sphere of influence ( r e f .  2, 
p. 27 ) .  Ins ide  t h e  sphere of influence, Mars is  assumed t o  be t h e  only gravi-  
t a t i n g  body; while outs ide t h i s  sphere, t h e  Sun is  considered the only gravi-  
t a t i n g  body. The change is  made by tak ing  the  difference between t h e  vehic le  
he l iocen t r i c  ve loc i ty  vectors  VH and the planet ve loc i ty  vector  V d  t o  give 
t h e  planetocentr ic  hyperbolic excess veloci ty  vector  vh and t h e  required 
turning angle a t  t h e  sphere of influence 0 ( a l s o  i l l u s t r a t e d  i n  f i g ,  2) .  (All 
symbols are defined i n  appendix A . )  
mutually inc l ined  o r b i t s  a r e  a l so  given i n  reference 2. 

The d e t a i l s  of t h i s  ca lcu la t ion  f o r  

The a r r iv ing  hyperbolic excess veloci ty  vector  may be considered t o  be 
loca ted  at any pos i t ion  on t h e  a r r iv ing  hemisphere a t  t h e  sphere of influence.  
Similarly, the leaving hyperbolic excess veloci ty  can be located at any posi- 
t i o n  on t h e  leaving hemisphere of t h e  sphere of influence. There is, however, 
a unique loca t ion  f o r  these  two ve loc i ty  vectors on t h e  sphere of influence 
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t h a t  y ie lds  a s i n g l e  plane containing Mars and t h e  two v e l o c i t y  vectors .  
Mars-centered t r a j e c t o r i e s  are considered t o  be i n  t h i s  plane. 
funct ions of t h e  in te rp lane tary  guidance and con t ro l  system i s  t o  assure  t h e  
attainment of t h e  correct  plane.  ) 

The 
(One of t h e  

A general  t r a j e c t o r y  within t h e  sphere of inf luence and i n  t h e  previously 
def ined plane is shown i n  f i g u r e  3. Because of t h e  planet  gravi ty ,  t h e  vehic le  
v e l o c i t y  increases along t h e  hyperbolic approach segment from i t s  value a t  t h e  
sphere of inf luence Vh,2 to vp,2 a t  t h e  t r a j e c t o r y  pe r i aps i s  r 2  and 
changes d i r ec t ion  by the  angle  6 2 .  Similarly,  during departure,  t h e  vehic le  
v e l o c i t y  decreases along t h e  hyperbolic 'segment from the value a t  t h e  pe r i aps i s  
V p , 3  t o  vh,3 at t h e  sphere of influence, and t h e  change i n  d i r ec t ion  by 63 .  

and the  departure  ve loc i ty ,  which w i l l  In general, t h e  a r r iva l  ve loc i ty  
y i e l d  an Earth r e tu rn  
t h e  angle B at t h e  per iaps is .  Furthermore, because the  radius  and ve loc i ty  
vec tors  a re  normal a t  t h e  per iaps is ,  t h e  pe r i aps i s  radius  vec tors  a r e  a l s o  
displaced by t h e  angle p. 

vP, 2 
are not equal i n  magnitude and are misalined by 

vP, 3' 

Several maneuvers t h a t  def ine  the types of t r a j e c t o r i e s  considered here in  
may be used t o  achieve the required matching of t h e  arr ival  and departure  ve- 
l o c i t i e s .  
t r a j e c t o r i e s  may be sought that  make p = 0 and Vp,2 = 

t o r i e s  a re  r e fe r r ed  t o  as g rav i ty  turns .  For t h i s  type of t r a j ec to ry ,  the  
pe r i aps i s  radius  r i s  a f ree  va r i ab le  and may be se l ec t ed  t o  y i e ld  t h e  re- 
quired matching. Second, t h e  l i f t  and drag forces  generated i n  t h e  planet  
atmosphere may be  used t o  achieve t h e  angular r o t a t i o n  
magnitude of 
t u rn .  The pe r i aps i s  radius  i s  now r e s t r i c t e d  t o  be  that  of t h e  sens ib le  atmo- 
sphere. Final ly ,  propulsion may be  used f o r  matching. A s  i n  t h e  case of t h e  
g rav i ty  turn, t he  pe r i aps i s  rad ius  is a f ree  var iable ,  and the  propulsion may 
be applied anywhere along t h e  t r a j e c t o r y  within the sphere of influence.  
type of maneuver i s  r e fe r r ed  t o  as a propulsion-gravity tu rn .  Each of t hese  

F i r s t ,  combinations of Earth t o  Mars and Mars t o  Earth in te rp lane tary  
. Such t r a j e c -  vP, 3 

P 

p and t o  match the  
t o  Vp,3. Such a maneuver is r e fe r r ed  t o  as an atmospheric vP, 2 

This 

t h r e e  kinds of maneuvers w i l l  
w i l l  be  analyzed. 

Turning Due t o  Gravity 

Common t o  a l l  of t h e  t ra -  
j e c t o r i e s  within t h e  sphere of 
inf luence i s  t h e  turn ing  due 
t o  t h e  g rav i ty  of Mars along 
t h e  approach and departure  
hyperbolas ( f i g .  3). These 

Sphere of influence vh'3 hyperbolic segments are  com- 
p l e t e l y  defined by the hyper- 
b o l i c  excess ve loc i ty  vec tor  
vh and t h e  t r a j e c t o r y  pe r i -  
a p s i s  rp. The f l i g h t  path 

Figure 3. -General planetocentric trajectory in vicinity of Mars. tu rn ing  6 i s  ( ref .  4) 
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1 F = s in-1  - 
-2 vp - 1 

- 
The dimensionless per iaps is  ve loc i ty  V 
the c i r cu la r  ve loc i ty  a t  t h e  periapsis. '  It is r e l a t e d  t o  t h e  hyperbolic excess 
ve loc i ty  through t h e  conservation of energy by 

is t h e  per iaps is  ve loc i ty  divided by 

where 

Gravity Turn Trajector ies  

These form t h e  p a r t i c u l a r  s e t  of t r a j e c t o r i e s  characterized by p = 0, f o r  
which V - and F 2  = B3. Gravity tu rns  ex i s t  when t h e  g rav i ty  of Mars 
produces adequate or more than adequate turning ( p  < 0 )  f o r  t h e  c loses t  allow- 
ab le  passage, 1.1 surface  r a d i i  i n  t h e  present c a l c z a t i o n s .  
produces t o o  much turning, then a higher per iapsis  w i l l  y i e ld  t h e  desired 
value, as i l l u s t r a t e d  i n  f igu re  4. The required per iaps is  a l t i t u d e  may be 
found by equating t h e  required turning as measured a t  the  sphere of influence 
8 ( see  f i g .  2 )  t o  t h e  turn ing  due t o  gravi ty  

P,2 - vP,3 

If a c lose  pass 

,rPeriapsis/ 

I 

/ y.,-=--Arriving Departing 
I sphere of 

h, 2 influence influence> 

% 'h.2 

From equations (1) t o  (4), 
t h e  per iaps is  radius  i n  Mars 
rad i i ,  r - - 

= r /rd, i s  

1 ,  - -I 
tl s i n  - 2 

2 
'h, 2 

- r =  P 

V2 
c, F=l. 0 

Atmospheric Turn  

Tra jec tor ies  

(5) 

"h, 2 A t y p i c a l  atmospheric 
Figure 4. - Gravity turns at several periapsis altitudes. t u r n  maneuver is  shown 
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Arrival 
periapsis 7, , ,-Departure i n  f igu re  5. It cons is t s  of t h r e e  segments. 

The spacecraf t  approaches Mars along a 
hyperbolic segment, t r a v e l s  through t h e  
atmosphere along t h e  atmospheric segment and 
departs  Mars along a second hyperbolic seg- 
ment. 

For th i s  case, t h e  per iaps is  of t h e  
arrival and departure hyperbolas are taken 

3 a s  those  periapses that would ex i s t  i f  Mars 
Figure 5. - Atmospheric turns. had no atmosphere. This i s  sometimes re -  

f e r r ed  t o  as t h e  vacuum per iaps is .  For com- 
putat ional  purposes, t h e  vacuum pe r i aps i s  has been taken a t  1.05 Mars surface 
r a d i i .  The turning due t o  g rav i ty  during Mars arrival 82,A may then be found 
from equations (1) t o  (3) with 

- 'h, 2 
'h, 2, A 

= 
'c, 7=1.05 

The turning along t h e  departure hyperbola 83,A may be found s imi la r ly .  The 
t o t a l  turning due t o  g rav i ty  82,3,A is then 

82,3,A = '2,A i- '3,A ( 7 )  

A further assumption is t h a t  t h e  vehicle  ve loc i ty  at t h e  beginning and t h e  
end of the  atmospheric f l i g h t  i s  t h e  ve loc i ty  at t h e  per iaps is .  
t i o n  s implif ies  t h e  analysis  of t h e  atmospheric segment of t h e  t r a j ec to ry .  

T h i s  assump- 

The f l i g h t  i n  t h e  Mars atmosphere must now provide a matching between t h e  
planet atmospheric approach and departure ve loc i ty  vectors .  This matching w i l l  
be achieved by t h e  aerodynamic l i f t  and drag forces  ac t ing  on a vehic le  f ly ing  
i n  t h e  atmosphere at a constant l i f t - d r a g  r a t i o  (constant angle of a t t ack ) .  
The lift provides t h e  turning, while t h e  drag produces a ve loc i ty  decrease. 
The required per iapsis  turning angle PA (see f i g .  5) is 

From a somewhat s implif ied model of t h e  atmospheric f l i g h t ,  t h e  vehic le  l i f t -  
drag r a t i o  necessary t o  achieve t h e  required cen t r a l  turning angle and t o  match 
t h e  planet approach and departure vec tors  is given by ( r e f .  5) 

- L 
D 
- -  

The corresponding maximum t o t a l  load on t h e  vehic le  occurs a t  t h e  i n i t i a l  

6 



. 
per iaps is  and i n  terms of E a r t h  sur face  g 's  is ( r e f .  5) 

( In  practice,  t h e  a l t i t u d e  of t h e  atmospheric f l i g h t  must be chosen t o  y i e ld  
the atmospheric dens i ty  needed- t o  generate the required aerodynamic forces .  
The required dens i ty  is of t h e  order of one-thousandth of t h e  surface dens i ty  
of t h e  Earth's atmosphere. ) The preceding re la t ions  (eqs. (1) t o  ( 3 )  and ( 6 )  
t o  (10)) permit ana lys i s  of t h e  atmospheric t u r n  t r a j e c t o r i e s .  

Propulsion-Gravity Turn Tra j ect  or ies 

The required matching of t h e  Mars a r r i v a l  and departure ve loc i ty  vectors  
can also be achieved by a combination of turning by g rav i ty  and propulsion. 
d e f i n i t i o n  of  t h i s  pa r t i cu la r  case, propulsion is required and it is assumed 
that maximum use has been made of tu rn ing  by gravi ty .  
is achieved by a pass c lose  t o  Mars. Therefore, i n  the present analysis,  the  
per iaps is  of Mars passage is  1.1 Mars surface radii, which i s  assumed t o  be 
j u s t  high enough t o  avoid t h e  atmosphere. Assuming t h e  per iaps is  permits the 
ca lcu la t ion  of t h e  turning due t o  g rav i ty  i n  t h e  manner described f o r  t h e  
atmospheric t u r n  t r a j ec to ry .  
one of the following locat ions within t h e  v i c i n i t y  of Mars: (1) at t h e  sphere 
of influence a r r iv ing  at Mars, ( 2 )  a t  t h e  sphere of influence leaving Mars, o r  
(3) at t h e  Mars per iaps is .  

By 

Maximum grav i ty  turning 

Consideration was given t o  applying propulsion a t  

Thrusting at sphere of influence.  - The discussion here w i l l  be  f o r  t h e  
case of propulsion at t h e  leaving sphere of influence ( f ig .  6 ( a ) ) .  It is  ap- 
p l i cab le  by analogy a l s o  t o  t h e  case of propulsion a t  t h e  a r r iv ing  sphere of 
influence. The turning due t o  g rav i ty  f r o m t h e  a r r iv ing  sphere of influence 
t o  t h e  t r a j e c t o r y  per iaps is  of 1.1 Mars r a d i i  
t h e  aerodynamic t u r n  (eqs. (1) and ( 2 ) ) ,  f o r  which equation ( 3 )  becomes 

62 is s imi la r  t o  t h a t  given f o r  

- 'h, 2 
'h, 2, P V c, F=l. 1 

The t o t a l  tu rn ing  from t h e  a r r i v a l  t o  t h e  departure sphere of influence is 
262, P' 
a t  the sphere of influence f r o m t h e  propulsive maneuver ph is 

If 8 ( see  f i g .  2 )  is t h e  t o t a l  turning required, t h e  turn ing  required 

@ , = e -  262P 

The v e l o c i t y  a t  t h e  leaving sphere of influence, p r io r  t o  thrust ing,  is 
vh,2 equal i n  magnitude t o  t h e  ve loc i ty  at t h e  arr iving sphere of influence 

( f ig .  6 ( a ) ) .  The ve loc i ty  required a t  the leaving sphere of influence t o  give 
t h e  des i red  Earth r e tu rn  t r a j e c t o r y  is vh,3. By knowing vh,2J vh,33.( 
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"h, 2 

, / 

/ "h,3 
"h, 2 

(a) Impulsive thrust at sphere of influence. (b) Finite thrust at periapsis. 

Figure 6. - Propulsionyravity turns. 

and 
outbound t r a j e c t o r i e s  at Mars may be  ca lcu la ted  from t h e  l a w  of cosines.  

ph, t h e  propulsive ve loc i ty  increment required t o  match t h e  inbound and 

For a given 8 ,  Vh,3, and Vh,2 and f o r  vh, > vh, 2, it can be shown (from 

eqs. (I.), (2), (12), and (13))  t h a t  t h rus t ing  a t  t h e  leaving sphere of i n f lu -  
ence w i l l  g ive a lower value of 
influence. This point i s  a l s o  discussed i n  t h e  sec t ion  Propulsion-Gravity 

ovh than  th rus t ing  a t  t h e  a r r iv ing  sphere of 

Turns. 

The 
s t r i c t l y  
puls  ive, 
than t h e  

proceeding ca lcu la t ion  assumes an impulsive v e l o c i t y  change, which 
speaking corresponds t o  an i n f i n i t e  g-load. To be  e f f e c t i v e l y  i m -  
however, t h e  propulsive g-load need only be about equal t o  o r  l a r g e r  
l o c a l  g rav i ty  f i e l d  (of t h e  order  of ge. ) 

Fin i t e  t h rus t ing  a t  per iaps is .  - The t h i r d  t h r u s t  loca t ion  considered i s  
a t  t h e  t r a j e c t o r y  per iaps is .  It i s  mathematically convenient t o  consider t h e  
case of continuous th rus t ing  t o  maintain a constant a l t i t u d e  above the Mars 
surface,  that is, a t  1.1 Mars surface r a d i i .  This i s  i l l u s t r a - t ed  i n  f i g u r e  
6 (b ) .  For consistency with t h e  other  maneuvers, t h e  continuous th rus t ing  
maneuver w i l l  b e  character ized by an equivalent For a constant 
spec i f i c  impulse thrus tor ,  the  AVp 
rat i o  

AV, AV,. 
i s  t h e  t ime i n t e g r a l  of t h e  t h r u s t  t o  mass 

t 
AVp = a m d t  

The thrust i s  appl ied i n  a d i r e c t i o n  t o  maintain a constant a l t i t u d e  and thus  
is used i n  par t  t o  counter t h e  c e n t r i f u g a l  fo rce  not countered by g rav i ty  and 
i n  pa r t  t o  change t h e  v e l o c i t y  

y 

dVp/dt. The t h r u s t  i s  thus  appl ied a t  an angle  
with respect  t o  t h e  f l i g h t  path ( o r  l o c a l  ho r i zon ta l )  

8 



. 

m- dvP 
dt  F = -  

cos y 

Combining equations (14)  and (15) t o  eliminate d t  
constant, thrust angle y assmed, give 

and integrat ing,  with a 

- /G 12 \ 

nvp = (.,,C cos - y "PJ) vc, F=l. 1 

The t h r u s t  angle, a constant, and t h e  th rus t  magnitude, a variable,  must be 
chosen both t o  y i e ld  a constant a l t i t u d e  and t o  produce t h e  required ve loc i ty  
change. This problem is  analogous t o  t h e  atmospheric t u r n  s ince  f l i g h t  i n  t h e  
atmosphere is equivalent t o  a constant maneuver a l t i t u d e  and a constant L/D 
is equivalent t o  a var iab le  magnitude resu l tan t  force  applied a t  a constant 
angle. In t h i s  analogy, t h e  required th rus t  angle i s  t h e  angle whose tangent 
i s  t h e  l i f t - d r a g  r a t i o .  When t h e  th rus t ing  i s  used t o  increase t h e  vehicle  
ve loc i ty  a t  Mars, t h e  required t h r u s t  angle is  from equation ( 9 )  

-I y = t a n  

The maximum g-load occurs at t h e  end of t h e  powered maneuver and is  equal t o  

( see  eq. (10)).  
or a t  t h e  per iaps is  y ie lds  t h e  lower AV i s  discussed i n  t h e  sect ion 
Propulsion-Gravity Turns. 

The question of whether t h r u s t i n g  at t h e  sphere of influence 

Propulsive Requirements t o  Leave Ear th  

The propulsive ve loc i ty  increment required t o  reach Mars depends so l e ly  on 
t h e  launch da te  and t h e  outbound l eg  time. The unique t r a n s f e r  conic deter-  
mined by these  inputs f i x e s  t h e  hyperbolic excess ve loc i ty  a t  Earth i n  a way 
s imi la r  t o  t h a t  i n  which t h e  hyperbolic excess ve loc i ty  was determined a t  Mars. 
The perigee ve loc i ty  can then be calculated from equation ( 2 )  f o r  a perigee 
radius  of 1.1 E a d h  r ad i i .  The propulsive ve loc i ty  increment required t o  leave 
Earth i s  then 
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Analys is  of Trajectory Data 

The preceding methods permit t h e  ca lcu la t ion  of t h e  cha rac t e r i s t i c s  of a 
specif ied t r a j ec to ry .  
ab le  t r a j e c t o r i e s .  
Mars w i l l  be  discussed i n  terms of t h e  following c r i t e r i a :  

There remain t h e  problems of def ining and f inding favor- 
The f e a s i b i l i t y  and d e s i r a b i l i t y  of  nonstop round t r i p s  t o  

t o t a l  ve loc i ty  increment t o  perform mission, t h a t  is, AV1 f o r  grav i ty  

and atmospheric t u r n  t r a j e c t o r i e s ,  and QV1 + Qvh or AVl + AVp f o r  
propulsion-gravity t u r n  t r a j e c t o r i e s  

AvT 

t o t a l  t r i p  duration 

vehic le  

TT 

L/D L/D required f o r  atmospheric t u r n  a t  Mars (per t inent  only t o  
atmospheric t u r n  t r a j e c t o r y )  

m a x i m u m  g-load during maneuver a t  Mars 

approach ve loc i ty  at Earth 

approach ve loc i ty  a t  Mars 

r per iaps is  of Mars passage 

In general, low values of t h e  aforementioned parameters a r e  des i rab le .  Because 
t h e  i n i t i a l  weight i n  t h e  Earth o r b i t  is  exponentially r e l a t ed  t o  t h e  propul- 
s ive  AV, a low value o f t h i s  parameter i s  espec ia l ly  important. A short  m i s -  
s ion duration i s  des i rab le  f o r  r e l i a b l e  operation and, f o r  manned t r i p s ,  t o  
reduce l i f e  support weight and f o r  psychological reasons. 
l i f t -d rag  r a t i o s  a r e  general ly  easier t o  design aerodynamically and have lower 
s t r u c t u r a l  f r ac t ions  than vehicles  with high 
reduce the  s t r u c t u r a l  f rac t ions .  Also, f o r  manned missions t h e  g-loads must be 
within human to le rance  and preferably near Earth surface gravi ty .  
approach ve loc i t i e s  a r e  an indicat ion of t he  degree of d i f f i c u l t y  of t he  atmo- 
spheric  en t ry  and of t he  heat  protect ion weight. 
of t h e  planet approach gqidance system, the  propulsive AV required f o r  planet  
approach, and the  observation time near t h e  planet  a r e  r e l a t ed  t o  t h e  approach 
velocity.  Again low values are preferable.  The view of Mars i s  determined by 
t h e  d i rec t ion  of approach t o  Mars and t h e  a l t i t u d e  of t h e  per iaps is .  I n  t h e  
present analysis ,  f i rs t  p r i o r i t y  has been given t o  f ind ing  t r a j e c t o r i e s  r e -  
quir ing a l o w  propulsive ve loc i ty  increment. 

Gmax 

vPJ 4 

vP, 2 

P 

Vehicles with low 

Low g-loads a l s o  tend t o  L/D. 

The planet 

Also, t he  accuracy required 

The aforementioned c r i t e r i a  a r e  determined from t h e  outputs of t h e  i n t e r -  
planetary t r a j e c t o r y  calculat ions,  which a r e  

Vh,l or AVl hyperbolic excess ve loc i ty  a t  Earth departure, or propulsion 
ve loc i ty  increment t o  leave Earth 

hyperbolic excess v e l o c i t y  at Mars a r r i v a l  

hyperbolic excess ve loc i ty  a t  Mars departure  
h, 2 

V 

'h, 3 
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. 
hyperbolic excess ve loc i ty  at Earth a r r i v a l  

he l iocent r ic  path angles a t  Mars a r r i v a l  an1 departure, respectively,  
which together  with t h e  ve loc i t i e s  a t  Mars determine t h e  required 
turn ing  angle 8 a t  Mars sphere of influence 

'h, 4 

a2, a3 

The t r a j e c t o r y  outputs are i n  t u r n  determined by t h e  following inputs: 

launch date  

outbound leg  time 

t o t a l  t r i p  t ime 

JD1 

TO 

TT 

The launch years of 1970 t o  1971 and 1979 t o  1980 were chosen f o r  study because 
they  y i e ld  approximately t h e  eas ies t  and m o s t  d i f f i c u l t  t r i p s ,  respect ively.  A 
systematic survey wits made of the remaining var iables .  

Recall  from t h e  previous discussion tha t  the parameters a f f ec t ing  the 
maneuver required at Mars are t h e  magnitude of t h e  ve loc i t i e s  a r r iv ing  a t  and 
leaving Mars and t h e  turning angle between these  ve loc i ty  vectors.  Figures 
7 t o  9 show a t y p i c a l  set of da ta  dealing with these  paremeters. Figure 7 is 
t y p i c a l  of t h e  format used f o r  these  figures; t h i s  format is used again i n  the 
sec t ion  Atmospheric Turns. 
ve loc i ty  leaving Mars V i s  presented as a funct ion of t o t a l  t r i p  time f o r  

The dependent variable, which i n  th i s  f i g u r e  is the 

P? 3' 

Julian date of Propulsive Velocity arriv- 

crement to Vp, 2, 
leave Earth, miles/sec 

mileslsec 

Earth departure, velocity in -  ing at Mars, 

Figure 7. -Variation of velocity leaving Mars with total t r ip duration and date 
of Earth departure. Mars periapsis, 1.1 radii; launch year, 1979 to 1980, 
outbound leg time, 120 days. 

a s e r i e s  of Ju l i an  dates  f o r  
Earth departure. The curves 
apply f o r  t h e  1979 t o  1980 
synodic period and f o r  an 
outbound t r i p  time of 120 
days. For a given outbound 
t r i p  time, t h e  AV t o  leave 
Earth AV1 and the ve loc i ty  
approaching t h e  per iaps is  

are functions of Mars 
only of t h e  J u l i a n  da t e  of 
Earth departure. The values 
of t hese  parameters a r e  
l i s t e d  i n  t h e  f igure .  Fig- 
ures 8 and 9 and later f i g -  
ures  use t h e  same abscissa  
and f i e l d  parameters t o  
present other  dependent 
var iab les  . 

vP, 2 

(The pa r t i cu la r  set of 
coordinates and f i e l d  param- 
e t e r s  se lec ted  f o r  t h i s  
group of f igu res  was t h e  
most convenient and eco- 
nomical s e t  f o r  presentat ion 
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of t h e  data r e su l t i ng  from t h e  present method of ca lcu la t ion .  The da ta  i n  t h i s  
form a r e  a l so  convenient f o r  i l l u s t r a t i n g  t h e  f ac to r s  a f f ec t ing  t r i p  se lec t ion .  
The period 1979 t o  1980 gave t h e  l e s s  complex famil ies  of curves.)  

Figure 7 shows that, f o r  a l l  Earth departure dates, a strong minimum i n  
t h e  veloci ty  leaving Mars 
350 t o  400 days. This minimum, f o r  example, w i l l  have an important influence 
on t h e  required L i D, as w i l l  be  shown i n  t h e  sect ion Atmospheric Turns.)  A s  
may be seen from t h e  values tabula ted  i n  t h e  f igure,  t h e  ve loc i ty  a r r iv ing  a t  

decreases f o r  t h e  l a t e r  Earth departure dates.  Also, AV, has a Mars V 

occurs a t  a t o t a l  t r i p  time i n  t h e  v i c i n i t y  of vP, 3 

T), 2 -, 

minimum f o r  a Ju l i an  departure da t e  of 2444220. (The anomalous increase i n  

present calculat ions when t h e  t r a n s f e r  angle between Mars and Earth is  near 
180° and t h e  t r a n s f e r  plane i s  s i g n i f i c a n t l y  incl ined t o  t h e  e c l i p t i c  plane. 
It will a l so  appear i n  subsequent f igures .  

f o r  JD1 = 2444180 at a t o t a l  t r i p  t ime of about 300 days occurs i n  t h e  
vP, 3 

This anomaly can be  avoided by 
using a midcourse plane change a s  explained i n  r e f .  

For t h e  purposes of t h e  subsequent discussion, 
t h e  parameter Vp,2 - Vp,3 from t h e  da ta  of f igu re  

I I I I I I I I  I 1  I 1  
- Julian date of Propulsive Velocity arriv- 

Earth departure. velocity in- ing at Mars, 

mitesisec I 

9.67 

2444260 (Jan. 22, 1980) 4.80 
2444240 (Jan. 2, 1980) 3.48 
2444220 (Dec. 13, 1979) 3.08 

3.65 
2444180 ( N O ~ .  3, 1979) 4.85 

__---_-_---_ 
---- 2444200 (Nov. 23, 1979) 

Total trip duration, TT, days 

Figure 8. -Variation of difference between Mars arrival and departure periapsis 
velocities with total trip duration and date of Earth departure. Mars periapsis, 
1.1 radii; launch year, 1979 to 198Q outbound leg time, 120 days. 

12 

it is convenient t o  form 
7. The parameter is 
presented i n  f i g u r e  8. A s  
would be expected, t h e  
shapes of t h e  curves re -  
f l e c t  t h e  shape of t h e  

curves of f igu re  7. 
Posi t ive,  negative, and 
zero values of t h e  para- 
meter occur, and t h e  value 
of t h e  parameter decreases 
w i t h  l a t e r  launch dates  be- 
cause V decreases. 

vP, 3 

P, 2 

Figure 9 presents  t he  
per iaps is  turning angle p 
( see  f i g .  3, p. 4) r e -  
quired a t  Mars f o r  a pe r i -  
aps is  of 1.1 r a d i i .  In  
the  range of var iab les  
presented, t he  turn ing  
angles are a l l  posi t ive.  
The required turn ing  angle 
decreases with increasing 
mission durat ion and f o r  
l a t e r  launch dates.  

The v e l o c i t i e s  of t h e  
spacecraf t  a t  Earth r e tu rn  
a r e  shown i n  f i g u r e  10. 
These v e l o c i t i e s  a r e  gener- 
a l l y  below 1 2  miles per  
second f o r  t r i p  t i m e s  of 



180 2444260 (Jan. 22, 1980) 4.80 
2444240 (Jan. 2, 1980) 3.48 
2444220 IDec. 13, 1979) 3.08 
2444200 (Nov. 23, 1979) 3.65 a 

vi L 140 2444180 (Nov. 3, 1979) 4.85 
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Figure 9. -Variation of tu rn ing  angle required at Mars wi th total t r ip  duration and date 
of Earth departure. Mars periapsis, 1.1 radii; launch year, 1979 to 198Q outbound 
t r i p  time, 120 days. 

I I I I I  
Juiian date of Propulsive Velocity arriv- - - 

Earth deoarture. velccitv in- ina at  Mars, 

mileslsec 

2444260(Jan. 22, 1980) 4.80 
2444240(Jan. 2, 1980) 3.48 

3.08 
2444200 (Nov. 23, 1979) 3.65 
2444180(Nov. 3. 1979) 4.85 

- - - -- - _ _  - - - - - _ _  2444220 (Dec. 13, 1979) 
----_ 

.. 17 E 
- 

5.85 - 
6.92 
8.25 - 

9.67 
10.97 - 

Total t r i p  duration, TT, days 

Figure 10. -Var iat ion of Earth arr ival  velocity with total t r i p  duration and date 
of Earth departure. Launch year, 1979 to 198Q outbound leg time, 120 days. 

l e s s  t h a n  360 days and in- 
crease f o r  longer t r i p  times. 
There is a decrease i n  t h e  
Earth re turn  v e l o c i t i e s  f o r  
e a r l i e r  launch dates  . 

Figures 7 t o  10 were f o r  
an outbound leg  t i m e  of 1 2 0  
days. Similar s e t s  of da ta  
e x i s t  f o r  other  outbound t r i p  
times. The t h r e e  types of 
nonstop round t r i p s  w i l l  now 
be discussed within t h e  con- 
t e x t  of such p lo ts .  

RESULTS AND DISCUSSION 

Gravity Turns 

Gravity tu rns  occur when 
t h e  Mars a r r i v a l  and depart-  
ure  ve loc i t i e s  are equal and 
t h e  required sphere of i n f lu -  
ence turning angle 8 is 
generated only by t h e  Mars 
g rav i t a t iona l  f i e l d .  In 
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TABLE I. - CHARACTERISTICS FOR GRAVITY TURN TRAJECTORIES 

WITH MINIMUM PROPULSIVE VEIX)CITY I N C ~  

departure, 

Launch year, 1970 t o  1971 

520 7.75 
540 7.9 
560 8.1 

Launch year, 1979 to 1980 

terms of t h e  parameters 
presented i n  f igures  8 
and 9, g rav i ty  tu rns  re -  
qu i re  t h a t  t h e  parameter - 

( f i g .  8)  be 
vP?2 - vP?3 
zero and that t h e  per i -  
aps is  turning p, which 
e x i s t s  f o r  r = 1.1 r a d i i  
( f ig .  9) ,  be  negative, 
t h a t  is, t h a t  t h e  g rav i ty  
turning f o r  such a c lose  
approach must provide more 
than adequate turning.  
The desired turning i s  
then achieved by increas- 
ing t h e  per iaps is  radius.  

The data  of figures 8 
and 9 show t h a t  t h e  re- 
quired conditions a r e  not 
qu i t e  s a t i s f i e d  f o r  t r i p s  

with an outbound l eg  time of 120 days i n  1979 t o  1980. 
many outbound l e g  times does r evea l  grav i ty  turn  t r a j e c t o r i e s .  
j ec tory  cha rac t e r i s t i c s  f o r  grav i ty  tu rn  t r a j e c t o r i e s  a r e  given i n  t a b l e  I. 
such t r i p ,  f o r  example, occurs f o r  an outbound l e g  time of 110 days. 

A systematic search over 

One 
Per t inent  tra- 

In  f igure 11, t h e  propulsive AV f o r  g rav i ty  t u r n  t r a j e c t o r i e s  ( i n  t h i s  
AV,) i s  p lo t t ed  against  t h e  mission dura- case, t h e  AV leaving Earth o r b i t  

t i o n  i n  days. Because t h e  Mars g rav i ty  can produce only a comparatively s m a l l  
perturbation on t h e  interplanetary t r a j ec to ry ,  g rav i ty  tu rns  occur only i n  t h e  
v i c i n i t y  of  o r b i t s  t h a t  a r e  synchronous with Earth 's  period about t h e  Sun, 
neglecting t h e  influence of Mars. In t h e  range of t r i p  times s tudied herein, 
synchronous o r b i t s  ex is t  a t  1.0 and 1 . 5  years. Figure 11 shows t h a t  g rav i ty  
tu rns  indeed occur i n  t h e  v i c i n i t y  of t hese  t i m e s ,  a s  has a l s o  been found by 

1 

6 

5 

4 

3 
360 400 440 480 520 600 

Total trip duration, TT, days 

Figure 11. -Variation of minimum propulsive velocity increment 
with total trip duration for gravity t u r n  trajectories. 

others  (e.g., refs. 1 and 6 ) .  The 
1.0-year t r i p  occurs only i n  a 
narrow region of t r i p  times and 
requires  a considerably higher AV 
than t h e  500- t o  540-day t r i p s ,  
f o r  example, 4.25 m i l e s  per  second 
compared with 3.15 m i l e s  per  sec- 
ond for 1970 t o  1971. Also, t r i p s  
i n  1979 t o  1980 requi re  higher 
values of AV than  those  i n  1970 
t o  1971, for example, 4.8 miles 
per second compared with 3.35 
miles per second for a 540-day 
t r i p .  

The 1.0-year t r i p s  have 
shor te r  outbound leg  times, later 
launch da tes  ( see  t a b l e  I), and 
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. 
higher Earth r e tu rn  v e l o c i t i e s  than t h e  1.5-year t r a j e c t o r i e s .  
proach v e l o c i t i e s  f o r  t h e  1.0- and 1.5-year t r i p s  a r e  t y p i c a l l y  9.7 and 8.0 
miles per second respect ively,  i n  1970 t o  1971, and 13.7 and 11.0 miles per  
second, respect ively,  i n  1979 t o  1980. 

The Earth ap- 

The passage near Mars f o r  t r i p s  i n  1970 t o  1 9 7 1  of almost 1 .5  years dura- 
t i o n  is  descr ibed i n  more d e t a i l  with the aid of f igu re  12.  
t h e  pe r i aps i s  of Mars passage i n  Mars  r a d i i  i s  p lo t t ed  against  t h e  t o t a l  t r i p  
durat ion i n  days. The synchronous o r b i t  occurs a t  a t r i p  t i m e  of 548 days and, 
by de f in i t i on ,  corresponds t o  a passage at a g rea t  d i s tance  on e i t h e r  s i d e  of 
Mars, as i l l u s t r a t e d ,  so t h e  per turbat ion due t o  the  g rav i ty  of Mars i s  negl i -  
gible .  
j e c t o r i e s  pass on the  "dark" s ide  of Mars and t h e  radius  of passage approaches 
t h e  Mars surface as t h e  t r i p  time decreases, The lowest t r i p  time, about 500 
days, occurs f o r  t h e  assumed minimum permissible per iaps is  of 1.1 Mars r a d i i .  

In  t h i s  f igure,  

For t r i p  durat ions less than t h a t  of t h e  synchronous o r b i t ,  the t ra-  

The behavior of t r a j e c t o r i e s  that  are longer than  548 days i s  analogous t o  
that  of t he  shor t e r  t r i p s .  
t h e  pe r i aps i s  of passage becomes less with increasing t r i p  duration. 
longest t r i p  t i m e  is about 580 days, again corresponding t o  a passage a t  1.1 
Mars r a d i i .  
similarly. 

The passage is  now on t h e  "Sun" s i d e  of Mars, and 
The 

The poss ib le  g rav i ty  t u r n  t r a j e c t o r i e s  i n  1979 t o  1980 behave 

Propulsion-Gravity Turns 

For t h e s e  maneuvers, propulsion i n  addi t ion t o  g rav i ty  i s  used t o  achieve 

When propulsive turn ing  i s  needed t o  s a t i s f y  t h e  required t o t a l  tu rn ing  
the  required matching between t h e  a r r iv ing  and departing v e l o c i t y  vec tors  a t  
Mars. 
angle, the  propulsion requirement i s  minimized if  maximum use is made of the 
turn ing  due t o  grav i ty .  
t o  t he  center  of t h e  g r a v i t a t i o n a l  f i e l d .  
aps i s  of t h e  Mars passage is  1.1 surface r a d i i .  
f i g u r e  9 (p. 13), propulsion-gravity t u r n s  occur f o r  pos i t i ve  P, t h a t  is, when 

turning, i n  addi t ion  t o  the maximum that  
grav i ty  can provide, i s  needed. (Recal l  
that when P is zero o r  negative 
grav i ty  t u r n s  may be  possible .  ) 

This i s  accomplished by passing as c lose  as poss ib le  
In t h e  present analysis ,  t h e  pe r i -  

In  terms of parameters of 

When propulsion i s  used, it can 
e i the r  increase or  decrease t h e  leaving 
ve loc i ty  relative t o  the a r r i v i n g  veloc- 
i t y  a t  Mars. Thus, the  parameter 

e i ther  pos i t i ve  or  negative. Three 
locat ions i n  the  v i c i n i t y  of Mars f o r  
th rus t ing  were considered; t h e y  were 
(1) a t  t h e  sphere of inf luence a r r i v i n g  
a t  Mars, ( 2 )  at t h e  sphere of inf luence 
leaving Mars, 
o f  Mars. 

of f i g u r e  8 (p. 1 2 )  can b e  
vP,2 - vP,3 

580 480 500 520 540 560 
Total trip duration, TT, days 

Figure 12. - Periapsis of Mars passage forgravityturn and (3) at the periapsis 
trajectories. Launch year, 1970 to 1971. If t h e  only purpose of t h e  



t h rus t ing  is t o  change t h e  d i r ec t ion  of t h e  ve loc i ty  vector, t h i s  is accom- 
pl ished for t h e  l e a s t  AV when the ve loc i ty  i s  t h e  smallest .  In t h e  v i c i n i t y  
of Mars, t h i s  condition occurs a t  t h e  sphere of influence. If t h e  purpose of 
t h e  th rus t  is a l s o  t o  increase t h e  ve loc i ty  a small  amount, then, of t h e  two 
sphere-of -influence posi t ions,  t h e  leaving pos i t  ion is preferable  because the 
turning due t o  t h e  g rav i ty  of Mars i s  g rea t e r  f o r  t h e  lower ve loc i ty  within t h e  
sphere of influence. Conversely, i f  the th rus t ing  is t o  decrease t h e  veloci ty ,  
of t h e  two sphere-of-influence posit ions,  t h e  a r r iv ing  pos i t  ion i s  preferable .  
Figure 8 (p. 1 2 )  presented t h e  parameter Vp,2 - Vp,3. By t h e  foregoing d i s -  
cussion, if t h e  parameter i s  posi t ive,  t h e  a r r i v a l  pos i t ion  on t h e  Mars sphere 
of influence should be considered f o r  thrust ing;  and conversely, i f  it is nega- 
t i ve ,  t h e  leaving pos i t ion  should be considered. 

If the  only purpose of t h e  th rus t ing  is t o  change t h e  ve loc i ty  magnitude, 
it can be shown t h a t  t h e  bes t  place t o  t h r u s t  is  at t h e  Mars pe r i aps i s  and t h e  
t h r u s t  d i rec t ion  should be tangent t o  t h e  ve loc i ty  vector.  This is  based on 
t h e  assumption that t h e  r e su l t i ng  t r a j e c t o r y  turning i s  acceptable. Figures 
8 and 9 show examples (e.g., JD1 = 2444260, TT = 400 days) where t h e  required 
pe r i aps i s  turning i n  excess of  t h a t  produced by gravi ty  p is  small ( f i g .  9 )  
but Vp,2 - Vp,3 ( f i g .  8)  is  subs t an t i a l .  
tude and d i rec t ion  is t o  be made by th rus t ing  at t h e  per iapsis ,  t h e  maneuver i s  
performed a s  described i n  t h e  sec t ion  ANALYSIS. 

If both a change i n  ve loc i ty  magni- 

I n  general, t h e r e  a r e  many ways t h a t  t h r u s t  could be applied, s ing le  or  
mult iple  impulses or  continuously. Only t h e  case of a s ing le  th rus t ing  period 
near Mars has been analyzed herein.  For t h e  s ing le  impulse case and f o r  given 
ar r iv ing  and leaving ve loc i ty  vectors  a t  t h e  sphere of influence, t h e r e  i s  a 
loca t ion  on t h e  t r a j e c t o r y  within t h e  sphere of influence t h a t  r e s u l t s  i n  t h e  
l e a s t  required AVp t o  match t h e  two t r a j e c t o r i e s .  This problem was con- 
s idered i n  reference 7. In  appendix B, a comparison is made between t h e  AVp 
calculated with t h e  present a l t e r n a t i v e s  and t h e  AV corresponding t o  t h e  
optimum location. The present approach y ie lds  values of AVp t h a t  a r e  t o o  

Julian date of Earth departure, JDl 

Figure 13. - Determination of best Earth departure 
date, outbound leg time, and thrusting location 
at Mars for propulsionqravity t u r n  trajectories. 
Launch year, 1979 to 1980, total trip duration, 
520 days. 

l a rge  by no more t h a n  0.06 m i l e  per sec- 
ond or about 2 percent of AV,. 

An example of how t h e  t r a j e c t o r y  
data, which y ie ld  t h e  AVl were com- 
bined with t h e  AVp f o r  turning a t  Mars 

t o  f i n d  t h e  t r i p s  that requi re  t h e  l e a s t  
t o t a l  AV, is  shown i n  f i g u r e  13. For a 
t o t a l  t r i p  time of 520 days, AVT 
p lo t t ed  against  the departure  da t e  f o r  
s eve ra l  outbound l eg  times and two 
th rus t ing  loca t ions  a t  Mars. 
ing sphere-of-influence loca t ion  was 
eliminated a s  a candidate pos i t ion  be- 
cause a ve loc i ty  increase was required.  
O f  t h e  two th rus t ing  loca t ions  shown, 
t h e  b e t t e r  is a t  t h e  Mars per iaps is  

is 

The a r r i v -  
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Figure 14. -Variation of minimum propulsive velocity increment with total t r ip  duration 
for propulsion q ravity t u r n  trajectories. 

( so l id  l i n e s  i n  f ig .  13). 
outbound t r i p  time, 280 days, t h a t  approximately minimize AVT. 

The curves a l so  show a departure date, 2444120, and 

The minimum propulsive AV from curves such as those  of f i gu re  13 were 
selected,  and t h e  r e s u l t s  a r e  p lo t ted  i n  f igure 14  f o r  both 1970 t c ,  1 9 7 1  and 
1979 t o  1980. 
ing was a t  t h e  spheie of influence leaving Mars ( so l id  l i n e s  i n  f i g .  14) .  
Per iapsis  th rus t ing  is b e t t e r  f o r  t h e  long t r i p  times i n  1979 t o  1980 (dashed 
l i n e  i n  f i g .  14).  

For most of t h e  t o t a l  t r i p  times, t h e  best  loca t ion  f o i  thrust- 

Propulsion-gravity t u r n  t r i p s  a r e  possible over a wide range of t r i p  times 
from l e s s  than  1.0 year t o  over 1 . 5  years. 
days t h e  propulsive AV f o r  t h e  single-plane in te rp lane tary  t r a j e c t o r i e s  
( s o l i d  l i n e s  i n  fig. 14)  increases abruptly. In  t h i s  region, in te rp lane tary  
t r a j e c t o r i e s  using an optimum midcourse plane change ( r e f .  8)  will yie ld  per- 
formance approaching that given by t h e  dash-dot l i n e  segments i n  f i gu re  14. 

For t r i p  times between 460 and 490 

The minimum AV occurs a t  about 500 days, and t r i p s  i n  1970 t o  1971 give T 
s ign i f i can t ly  lower values of AV than those i n  1979 t o  1980, 3.14 compared 
with 4.3 m i l e s  per second. The AVT, however, i s  only s l i g h t l y  g rea t e r  than 
t h e  minimum f o r  t r i p  times as  low a s  420 days. For s t i l l  shor te r  t r i p  times, 
t h e  required AVT rises s igni f icant ly .  The increase i n  AVT f o r  t r i p  t i m e s  
longer than 500 days is  due t o  t h e  constraint  placed on th i s  set of calcula- 
t i o n s  t h a t  the Mars per iaps is  be 1.1 surface r a d i i .  This r e s u l t s  i n  t o o  much 
g rav i ty  turn ing  s o  t h a t  propulsive turning i n  t h e  d i rec t ion  opposite t o  t h e  
g rav i ty  turn ing  is  required t o  achieve t h e  required net turning angle at t h e  
sphere of inf luence 8 .  For 1970 t o  1971, t h e  g r a v i t y t u r n s  discussed pre- 
viously y i e ld  lower values of AV f o r  t r i p  times between 500 and 520 days. 

The outbound l eg  time, t h e  Earth launch date, t h e  propulsive values of 
AV, and t h e  planet approach ve loc i t i e s  a r e  shown i n  t a b l e  I1 f o r  a s e r i e s  of 
minimum AVT t r a j e c t o r i e s .  In  general, as the t o t a l  t r i p  time increases,  t h e  

1 7  



TABLE 11. - CHARACTERISTICS FOR PROPULSION-GRAVITY TLRN TRAJECTORIES WITH MINIMUM PROPULSIVE VELOCITY INCREMENT 

Propulsive 
v e l o c i t y  

increment 
a t  Mars, 
AVp or 

miles/sec 
AVh, 

i 

Veloci ty  Ratio of Ratio of Rat io  of Tota l  
a r r i v i n g  Mars Mars Mars required 
a t  Earth, hyperbolic hyperbolic hyperbolic 

Vp,4, approach departure  departure  angle  
miles/sec t o  c i rcu-  t o  c i rcu-  t o  approach measured 

l a r  veloc- lar veloc- veloci ty ,  a t  Mars 
i t y  a t  i t y  a t  sphere of 

perLapsis, perLapsis, 

'h,2 'h,3 

tu rn ing  

0,  
deg 

350 
360 
380 
400 
420 
440 
460 
480 
I 

100 
100 
100 
120 
140 
170 
180 
200 

Ju l ian  date  of Earth 

1.22 
1.22 
1.24 
1.36 
1.45 
1.26 
1.09 
1 

departure, 

JD1 

52.6 
40.9 
41.0 
43.9 
43.2 
43.7 
47.4 
47.6 

2441160 ( Ju ly  28, 1971) 
244ll40 ( Ju ly  8, 1971) 
2441120 (June 18, 1971) 
2441100 (June 3, 1971) 
2441060 (Apr. 19, 1971) 
2441040 (Mar. 30, 1971) 
2441000 (Feb. 18, 1971) 

1.39 

380 
400 
420 
440 
460 
480 
500 
520 

Tota l  
propulsive 

ve loc i ty  
increment, 

*VT , 
miles/sec 

140 
160 
180 
200 
220 
240 
260 
280 

2444260 (Jan.  22, 1980) 
2444240 ( Jan .  2, 1980) 
2444220 (Dec. 13, 1979) 
2444220 (Dec. 13, 1979) 
2444180 (Nov. 3, 1979) 
2444160 (Oct. 14, 1979) 
2444140 (Sept .  24, 1979 
2444120 (Sept. 4, 1979) 

Launch year ,  1970 t o  1971 

3.45 1.09 9.73 
3.40 1.24 9.73 
3.35 1.01 9.44 
3.50 9.20 
3.45 .662 8 -71 

Launch year ,  1979 t o  1980 

6 -19 
5.36 
4.92 
4.69 
4.32 
6.49 
4.34 
4.35 

1.64 
2.09 
2.37 
2.39 
2.27 
2.49 
1.64 
1.38 

1.51 
1.51 
1.56 
1.42 
1.27 
1.42 
1.65 
1.65 1 

1.84 
1.84 
1.93 
1.93 
1.84 
1.79 
1.79 
1.65 

1.16 I 
1.26 
1.26 
1.46 
1.71 

48.5 
58.2 
63.2 
73.2 
64.3 
60.3 
53.3 
44.0 

outbound l e g  time increases and t h e  launch da te  occurs e a r l i e r  so  t h a t  t h e r e  i s  
a broad spread of favorable launch da tes  corresponding t o  t h e  range of t r i p  
t imes with low values of AV. The propulsive AV required at Mars ranges 
from about 1 7  t o  53 percent of t h e  t o t a l  propulsive AV. The v e l o c i t i e s  a t  
Earth approach are about 9 . 7  miles per second i n  1970 t o  1971 and 12.5 miles 
per second i n  1979 t o  1980. The las t  four  columns of t a b l e  I1 a r e  discussed 
i n  appendix B. 

F o r t h r u s t i n g  at t h e  sphere of influence, t h e  g-load required t o  approach 
t h e  impulsive condition assumed is  very low, f o r  example, g@. For t h e  
f i n i t e  th rus t ing  at t h e  Mars per iapsis ,  t h e  g-loads a r e  genera l ly  less than  
10 g ' s .  

@ 

Atmospheric Turns 

For t h i s  type of t r a j ec to ry ,  forces  generated i n  t h e  Mars atmosphere a r e  
used t o  match t h e  a r r iv ing  and leaving v e l o c i t y  vec tors  a t  Mars. 
conditions f o r  t h e  exis tence of t h e  type  of aerodynamic tu rns  considered here: 

There are two 

(1) The Mars departure v e l o c i t y  must be  l e s s  than  t h e  Mars a r r i v a l  veloc- 
i t y ,  or t h e  parameter V - V must be pos i t ive .  This condition must hold 

P,2 PY3 
because the  drag of t h e  veh ic l e  i n  t h e  atmosphere can only dece lera te  t h e  
vehic le .  

(2) The turning angle i n  t h e  atmosphere m u s t  be i n  t h e  same d i r e c t i o n  as 

18 



t h e  turning angle due t o  g rav i ty  during Mars arr ival  and departure.  
t h e  case i l l u s t r a t e d  i n  f igure  5 (p. 6 )  and i s  re fer red  t o  as pos i t i ve  turning 
PA > 0. (If t h e  vehic le  lift were applied i n  t h e  opposite d i r ec t ion  from t h a t  
shown, that is, away from t h e  planet,  so-called negative turn ing  could be gen- 
erated.  Negative t u r n s ,  however, have not been considered here. ) 

This is  

Figure 8 (p. 1 2 )  presents  t h e  parameter Vp,2 - Vp,3, which must be posi-  
t i v e  t o  s a t i s f y  condition 1. There a r e  extensive regions of pos i t i ve  values 
i n  t h e  v i c i n i t y  of t o t a l  t r i p  times of 1 . 0  year. There a r e  regions of t o t a l  
t r i p  times longer and shor te r  than 1.0 year where, f o r  a given launch date ,  

13 

atmospheric t u rns  are not possible  because VPt2  - Vp,3 is negative. 

Julian date of Propulsive Velocity arriv-- 
Earth departure, velocity in- ing at Mars, 

J D1 crement to vp,2. - 
leave Earth, mileslsec 

mileslsec 
AV 1, - 

- 
2444260 (Jan. 22, 1980) 4.80 5.85 
2444240(Jan. 2, 1980) 3.48 6.92 - 

8.25 3.08 
2444200 (Nov. 23, 1979) 3.65 9.67 

I 10.97 2444180 (Nov. 3, 1979) 4.85 

--- 
. - - - _ _  - - - - - - 2444220 (Dec. 13, 1979) 
__ - 

The required atmospheric turning angles are presented i n  f i g u r e  9 (p. 13). 
In t h e  range of var iab les  considered i n  t h i s  f igure,  they  are a l l  posit ive,  and 
thus condition 2 i s  sa t i s f i ed .  

The da ta  of f igures  7 and 9 may be used i n  equations ( 9 )  and (10) t o  y ie ld  
These t h e  required aerodynamic vehicle  l i f t -d rag  r a t i o  and t h e  m a x i m u m  n-load. - 

parameters are presented i n  f igures  15 and 16. Low values of  

Total trip duration, TT, days 

Figure 15. -Variation of lift-drag ratio with total trip duration and date of Earth 
departure. Launch year, 1979 to 198Q outbound leg time, 120 days. 

L/6 (fig. 15) 
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I I I I I  I 1 1  I I I  I 
Julian date of Propulsive Velocity arriv- 

__- Earth departure, velocity in- ing at Mars, -~ 

leave Earth. miles/sec -- 
vP, 2* 

crement to 
__- J D l  

Figure 16. -Variation of maximum g-load i n  atmospheric t u r n  at Mars with total 
trip duration and date of Earth departure. Launch year, 1979 to 1984 outbound 
leg time, 120 days. 

occur f o r  t r i p  t imes of 380 t o  440 days and f o r  e a r l y  launch da tes  (e.g., 
2444180). This is where t h e  required turn ing  i n  t h e  atmosphere p i s  s m a l l  

is l a r g e  ( see  ( see  f i g .  9 )  and when t h e  v e l o c i t y  d i f fe rence  

f i g .  8). Physically, t o  produce a l a r g e  ve loc i ty  decrease i n  a small atmo- 
spheric  turning angle 
l i f t - d r a g  r a t i o .  Similarly, when Vp, 2 - Vp, 3 approaches zero, l i t t l e  o r  no 

drag i s  permissible, and t h e  required lift t o  drag r a t i o s  approach i n f i n i t y .  
This is  the  s i t ua t ion  a t  t h e  longer and shor t e r  t r i p  t i m e s .  

vP,2 - vP,3 

PA requi res  a l a r g e  drag and, hence, low values  of t h e  

The m a x i m u m  g-load, presented i n  f i g u r e  16, i s  t h e  i n i t i a l  g-load on a 
given atmospheric t r a j e c t o r  

and t h e  vehic le  L/D r see  eq.  (10) ) . The most obvious f e a t u r e  of t h i s  

f i g u r e  is t h e  increase i n  g-load with earlier launch da tes .  
da tes  have t h e  higher v e l o c i t i e s  a r r iv ing  a t  Mars as noted i n  t h e  key of t h e  
f igure .  
sent  ed. 

segment and depends on t h e  v e l o c i t y  a r r iv ing  Mars 

vP, 2 
The e a r l y  launch 

The g-loads a r e  a l l  below 13 Earth g ' s  f o r  t h e  cases that are pre- 

The preceding discussion d e a l t  w i th  an outbound l e g  time of 120 days i n  
1979 t o  1980. Figures 17  t o  20 present  veh ic l e  l i f t - d r a g  r a t i o s  against  t o t a l  

20 
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Figure 18. -Variation of lift-drag ratio with total t r ip duration and date of Earth departure. 
Launch year, 1979 to 1984 outbound leg time, 160 days. 

\\J - 

t r i p  t ime wi th  parametric va r i a t ions  of launch da te  and corresponding var ia -  
t i o n s  i n  AV t o  leave Earth and ve loc i ty  a r r iv ing  a t  Mars ( tabula ted  on t h e  
curves) f o r  outbound l e g  times of 140, 160, 180, and 200 days. The general  
shapes of t h e  curves a r e  similar t o  those  for 120-day t ime out. 
t hese  t r i p s  a r e  genera l ly  l e s s  than 10 %Is. 

The g-load for 
The t r a j e c t o r y  data Vp,3, Vp,4) 
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ieq time, 180 days. 

Figure 20. -Variation of lift-drag ratiowith total trip duration and date of Earth departure. Launch 
year, 1979 to 198Q outbound leg time, 200 days. 
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Total t r i p  duration, TT, days 

Figure 21. - Determination of minimum propulsive velocity increment as a 
function of total t r ip  duration for  atmospheric turn trajectories. Launch 
year, 1979 to 19% lift-drag ratio, 2. 

and PA were a l s o  obtained 
but a r e  not presented. 

There a r e  seve ra l  ap- 
proaches that  could be 
taken t o  f u r t h e r  analyze 
these  data. The present 
approach i s  e s s e n t i a l l y  a 
search f o r  minimum AV 
missions. The da ta  of f i g -  
ures 15 and 17 t o  20 are 
c ross -p lo t ted  i n  f igu re  2 1  
f o r  a constant value of 
l i f t - d r a g  r a t i o  L/D = 2.0. 
For each outbound l e g  time, 
there is  a curve of AV 
agains t  t r i p  t i m e .  The 
curve f o r  each t i m e  out 

exh ib i t s  a minimum as would be expected from t h e  previous data.  
these curves y ie lds  t h e  lowest AV f o r  a given t r i p  t i m e .  

An envelope of 

Corresponding t o  minimum AV envelope curves there are curves of maximum 
g-loads and of t h e  v e l o c i t i e s  a t  a r r i v a l  a t  Mars and Earth. 
t u t e  the  f i n a l  r e s u l t s  f o r  atmospheric t u rn  t r a j e c t o r i e s .  

These da t a  const i -  

Minimum propulsive AV envelope curves as a funct ion of t o t a l  t r i p  time 
f o r  several values  of l i f t - d r a g  r a t i o  are presented i n  f igu res  22 and 2 3  f o r  
launch years of 1970 t o  1971 and 1979 t o  1980, respect ively.  
values  of and the Mars and Earth arrival v e l o c i t i e s  are presented i n  
f igu res  24 t o  29, and t h e  Earth departure  dates  and outbound l e g  t i m e s  are 
given i n  t a b l e  111. 

The corresponding 

Gmax 

Figure 22 f o r  1970 t o  1971 shows that  atmospheric t u r n  t r a j e c t o r i e s  are 
poss ib le  over a wide range o f  t r i p  durations, 260 t o  500 days. The minimum 

TABLE 111. - CHARACTERISTICS FOR ATMOSPHERIC TURN TRAJECTORIES WITH M I N I M U M  PROPULSIVE VELOCITY INCREMENT 

- 
Outbound L i f t - d r a g  r a t i o  
l e g  time, 

2.0 4.0 
- 

T o t a l  J u l i a n  d a t e  of E a r t h  T o t a l  J u l i a n  d a t e  of E a r t h  T o t a l  
t r i p  d e p a r t u r e ,  t r i p  d e p a r t u r e ,  t r i p  

1 t ion, J D 1  t i o n ,  I dura -  d u r a -  

j days  

Launch y e a r ,  1970 t o  3971 I 

du ra -  
d e p a r t u r e ,  

JD1 
d e p a r t u r e ,  

JD1 
TT 

~~~ ~ 

~ ~~ 

1 80 12441060 f A D r .  1 9 .  197111 340 I - - - - - - - - - - - - - - - - - - - - - -  1 
370 2441100 May 29 1 9 7 1 )  
390 2441080 May 9,’1971)  1 --- 2441055 IApr. 14,  19711 ~ 

2441015 (Mar. 5. 1971)  430 2441030 Mar. 20, 1 9 7 1  1 450 I2441010 (Feb.  28; 1971)l 470 1 

100 
1 1 0  
1 2 0  
1 4 0  
1 6 0  
180 

440 2444180 Nov. 
465 12444160 [Oct .  

__._________.____.__.-- 
443 12444180 
--- 12444140 

Dec. 23, 1979 
Dec. 23, 1979 
Dee. 13, 1979 
Nov. 23, 1979 
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Total t r ip  duration, TT, days 

Figure 22. -Var iat ion of minimum propulsive velocity increment with total t r ip  duration and 
lift-drag ratio. Launch year, 1970 to 1971. 

values of AV occur f o r  t r i p s  of about 380 t o  420 days duration. For an  L/D 
of 1 .5  o r  greater the values  of AV increase slowly f o r  t r i p s  of dura t ion  less  
than t h a t  f o r  minimum AV. The lowest AV (2.42 miles/sec) occurs f o r  a 400- 
day t r i p  for  a vehic le  with an L/D = 4.0. The minimum values of AV increase 
as t h e  ava i lab le  vehic le  l i f t - d r a g  r a t i o  decreases. For instance a t  400 days 
mission duration, t h e  AV increases  t o  3.0 miles per  second for L/D = 1.5 
and to 3.5 miles per second for L/D = 1.0 

Figure 2 3  f o r  1979 t o  1980 shows t rends  similar t o  figure 22. For a given 
L/D and t r i p  time, t h e  values of AV are s l i g h t l y  higher i n  1979 t o  1980 than  
i n  1970 t o  1971. Also, t h e  minimum AV region is  more r e s t r i c t ed ;  f o r  example, 
missions with an L/D = 4 vehic le  can be made f o r  a AV of less than 3 m i l e s  
per second over a range of t r i p  times from 290 t o  460 days i n  1970 t o  1971. 
The comparable range of t r i p  t i m e s  i n  1979 t o  1980 is  355 t o  450 days. 

There is a l s o  a region of low L/D t r i p s  near t h e  g rav i ty  t u r n  t r a j e c -  
t o r i e s  i n  terms of t r i p  t i m e  and AV,. These 
primary in t e re s t  and are not presented. 
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Figure 23. -Var iat ion of minimum propulsive velocity increment wi th 
total trip duration and lift-drag ratio. Launch year, 1979 to 1980. 
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were not considered t o  be of 

An important quest ion a t  
t h i s  point  i s  what veh ic l e  lift- 
drag r a t i o s  are f eas ib l e .  
Reference 9 ( f i g .  13) ind ica tes  
that l i f t - d r a g  r a t i o s  up t o  
about 3 .4  a r e  aerodynamically 
f e a s i b l e  a t  Mach 20 i n  a i r  f o r  
f l a t - t o p  conica l  wing body com- 
b ina t ions .  These configurat ions 
have sharp o r  pointed leading 
edges and i n  l i g h t  of present 
knowledge may not be f e a s i b l e  
from a heat pro tec t ion  point  of 
view. Reference 10 ( f ig s .  1 2  
and 13) ind ica tes  t h a t  
L/D = 2 . 0  i s  poss ib le  with a 
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Figure 24. -Variation of maximum g-load in atmospheric turn at Mars with total t r ip  duration and 
lift-drag ratio for trajectories with minimum propulsive velocity increment. Launch year, 1970 
!n !??I. 

f l a t - t o p  ha l f  cone with a half-cone angle of  about 17'. Such a configuration 
i s  probably amenable t o  heat protect ion.  Thus vehic les  with l i f t - d r a g  r a t i o s  
of 2.0 or less may be i n  t h e  f e a s i b l e  range. The AV advantage f o r  vehic les  
with an L/D g rea t e r  than 2.0 i s  s m a l l .  

The maximum g-loads f o r  
14 t h e  atmospheric t u r n  at Mars 

are shown i n  f igu res  24 and 
25. I n  general, t h e  curves 

12 show the g-load decreases 
with increasing l i f t - d r a g  

YI r a t i o  and increasing t r i p  
m 

10 t i m e .  The human to le rance  t o  
g ' s  i s  about 10 t o  1 2  Earth ?i. 

% g ' s  f o r  shor t  periods of E 
" 8  t i m e .  The g-loads a t  Mars 

exceed t h i s  l i m i t  only f o r  8 
CD L/D < 1 and t r i p  times l e s s  
2 6  than  480 days i n  1979 t o  

1980. I n  t h e  range of t r i p  
times f o r  l o w  AV, 400 to z 

4 420 days, and f o r  vehic le  
L/D 1 1.5, t he  g-loads are 
less than 4 Earth g ' s  i n  

2 1970 t o  1971. The g-loads 
are higher i n  1979 t o  1980 340 360 380 4M) 420 440 460 

( f i g .  2 5 )  but  are less than 
7 Earth g ' s  f o r  t h e  previ-  
ously mentioned conditions.  

w 
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Figure 25. -Var iat ion of maximum g-load in atmospheric turn at Mars with 
total t r i p  duration and lift-drag ratio for trajectories wi th minimum propul- 
sive velocity increment. Launch year, 1979 to 1980. 
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Figure 26. -Variation of velocity arr iv ing at Mars with total t r ip  duration and lift-drag ratio for 
atmospheric t u r n  trajectories wi th minimum propulsive velocity increment. Launch year, 
1970 to 1971. 

In  general, t h e  g-loads are within the acceptable  range. 

The Mars atmospheric en t ry  v e l o c i t i e s  are shown i n  f igu res  26 and 27. A s  
was mentioned e a r l i e r ,  t hey  show the  same t r ends  as t h e  g-loads, t h a t  is, the 
en t ry  v e l o c i t i e s  decrease with increasing L/D and increasing t r i p  t i m e .  For 
t r i p  times longer than  400 days and vehic le  g rea t e r  than  1.5, the  veloc- 
i t y  a r r iv ing  Mars f o r  1970 t o  1971 i s  less  than 7 m i l e s  per  second (Earth para- 
b o l i c  ve loc i ty  o r  37,000 f t / sec) .  I n  1979 t o  1980, the en t ry  v e l o c i t i e s  are 
higher; they a r e  less than  9 m i l e s  per  second f o r  t h e  aforementioned conditions.  

L/D 

Total t r ip  duration, TT, days 

Figure 27. - Variation of velocity arr iv ing at Mars with total 
t r ip  duration and lift-drag ratio for atmospheric turn 
trajectories with minimum propulsive veloclty increment. 
Launch year. 1979 to 1980. 
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The Earth approach v e l o c i t i e s  are 
given i n  f igu res  28 and 29. These 
values  show only a s m a l l  v a r i a t i o n  
wi th  t r i p  durat ion and l i e - d r a g  
r a t i o .  In  1970 t o  1971, t h e  approach 
v e l o c i t i e s  a r e  about 9 m i l e s  per  sec- 
ond or less than  twice t he  c i r c u l a r  
v e l o c i t y  of Earth. 
t he  approach v e l o c i t i e s  are about 
1 2  m i l e s  per  second. 

In  1979 t o  1980, 

A survey of the atmospheric 
en t ry  problems a t  Mars and Earth is  
given i n  reference 11. From a heat 
pro tec t ion  point of view, atmospheric 
e n t r i e s  up t o  13.4 miles  per  second 
appear poss ib le  f o r  an 
veh ic l e  ( r e f .  11, f i g .  26). The 
convective heat ing a t  Earth and Mars 

L/D = 0.5 
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Figure 28. -Var iat ion of veloclty arr iv ing at Earth with total t r i p  duration and Hit-drag 
ratio for atmospheric turn trajectories with the minimum propulsive velocity incre- 
ment. Launch year, 1970 to 1971. 

13 t ends  t o  be s i m i l a r  because 
;r ci of t h e  l a r g e  f r a c t i o n  of 

ni t rogen i n  both atmo- 
g 12 spheres. Because of t h e  
c a l  m v ,  combination of carbon 
m 3 i  
.E 1 > .g 

.- c x gas r ad ia t ive  heating, i n  
- x contrast ,  can pose a more 

10 - L U  -1- 1. d i f f i c u l t  problem a t  Mars 
340 360 380 400 420 440 460 480 than  a t  Earth. If t h e  17' 

> 
c- 

dioxide and ni t rogen i n  t h e  
Mars atmosphere, t h e  hot .- ,= 11 
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Total t r ip  duration, TT, days 

Figure 29. -Variation of velocity arr iv ing at Earth wi th total t r i p  duration and 
lift-drag ratio for atmospheric turn trajectories wi th the minimum propul- 
sive velocity increment. Launch year, 1979 to 1980. 

half-angle  cone vehicle  
previously mentioned is 
assumed, t h e  r ad ia t ive  
heat ing is  s m a l l  f o r  ei ther 

an Earth o r  Mars en t ry  (ref. 11, f i g .  1 2 ) .  I n  general ,  t h e  low surface angles 
assoc ia ted  with configurations of L/D = 1.5 
radiative heat inputs  f o r  e i t h e r  Earth o r  Mars. 
en t ry  v e l o c i t i e s  thus  appear t o  be within the  range of f e a s i b i l i t y .  

o r  g r e a t e r  w i l l  r e s u l t  i n  low 
The Earth and Mars atmospheric 

High lift t o  drag r a t i o s  (i.e.,  LID 2 1.5) a r e  of g rea t e r  importance t o  
t he  atmospheric t u r n  mission than most previously considered appl ica t ions  of 
atmospheric forces .  For instance, an Earth en t ry  at twice c i r c u l a r  can 
reasonably be  accomplished with an L/D = 1.0 vehicle .  Hence t h e r e  has been 
l i t t l e  d e t a i l e d  ana lys i s  and experimentation on t h e  heat pro tec t ion  of high 
L/D 
This i s  an area f o r  f u t u r e  e f f o r t .  

vehic les  a t  the  v e l o c i t i e s  appl icable  t o  an atmospheric t u r n  a t  Mars. 

F i n a l  evaluat ion of t h e  atmospheric tu rn  depends a l s o  on weight estima- 
t ions of t h e  heat  protect ion systems, atmospheric en t ry  corr idors ,  guidance 
capab i l i t i e s ,  and an ove ra l l  mission analysis .  These evaluations a r e  beyond 
t h e  scope of t h i s  study. 

Summarizing, t r a j e c t o r y  ana lys i s  indicates  t ha t ,  f o r  t h e  atmospheric t u r n  
type of t r a j ec to ry ,  vehic le  l i f t - d r a g  r a t i o s  of 1 .5  o r  g r e a t e r  are desirable .  
Lift-drag r a t i o s  of 1.5 t o  2 . 0  appear aerodynamically f eas ib l e .  For such l i f t -  
drag r a t io s ,  t h e  g-loads and atmospheric entry v e l o c i t i e s  a t  Mars and Earth a r e  
within the range of f e a s i b i l i t y .  
d i f f i c u l t  t h a n  those  i n  1979 t o  1980. The a t t r a c t i v e  f ea tu re  of t h e  atmo- 

The requirements i n  1970 t o  1971 a r e  less 
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Figure 30. - Mars nonstop round trips. Launch year, 1970 to 1971. 

Total trip duration, TT, days 

Figure 31. - Mars nonstop round trips. Launch year, 1979 to 1980. 

spheric  t u rn  t r a j e c t o r i e s  i s  t he i r  comparatively low propulsive AV' s. 

Compar i s  on of T r  a j e c t or i e s 

A summary of t h e  propulsive AV's agains t  t r i p  t i m e  i s  shown i n  f i g u r e s  
30 and 31 f o r  t h e  t h r e e  types of t r a j e c t o r i e s  evaluated and f o r  t he  years of 
1970 t o  1971 and 1979 t o  1980. For reference,  the  t o t a l  AV required f o r  a 
6-day lunar round t r i p  based on a d i r e c t  landing and using atmospheric braking 
a t  Earth return,  5 .3  miles  per  second, and t h e  AV f o r  a one-way Mars flyby, 
2 . 2  miles per second, a r e  indicated i n  t h e  f igures .  

The Mars round t r i p s  of i n t e r e s t  r equ i r e  values of AV s u b s t a n t i a l l y  l e s s  
than tha t  f o r  a lunar  round t r i p .  The Mars t r i p  times, however, a r e  much 
longer than the  t i m e  for t h e  lunar  t r i p ,  t h a t  is, 280 t o  580 days compared w i t h  
6 t o  7 days. 

Gravity t u r n  t r a j e c t o r i e s  are poss ib le  only a t  t o t a l  t r i p  times of approx- 
imately 1.0 year and again a t  t r i p  t i m e s  t h a t  a r e  g r e a t e r  than  about 1 .5  years.  
If 1979 t o  1980 is t h e  launch year, t h e  lowest AV f o r  a g r a v i t y  t u r n  occurs 
f o r  a t r i p  t ime of 540 days. 
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TABLE Iv. - (OME'ARISON OF SELECTED NONSTOP ROUND TRIPS 

To ta l  
propulsive 
ve loc i ty  

increment, 

Type of 
t r i p  

Velocity 
a r r iv ing  
a t  Earth, 

Vp, 4.' 

Launch 
year 

Tota l  
t r i p  
dura- 
t i on ,  

Atmospheric 
t u r n  ( l i f t -  
drag r a t i o ,  
2.0) 

1970 t o  1971 
1979 t o  1980 

420 
420 

Propulsion- 
grav i ty  
t u r n  

Gravity 
t u r n  

1970 t o  1971 
1979 t o  1980 

1970 t o  1971 
1979 t o  1980 
1970 t o  1971 
1979 t o  1980 

420 
420 

365 
3 80 
540 
540 

Velocity 
a r r i v i n g  
a t  Mars, 

Maximum 
g-load 
for 

maneuver 
a t  Mars, 
%ax, 

Earth g '  s 

2.85 I 8.75 I 6.18 
2.95 12.44 7.83 

I I I 
3.0 
4.8 

3.35 9.73 ---- 
4.9 1 12.51 ---- -10-3 

By admitt ing t h e  use of t h rus t ing  near Mars, t h e  propulsion-gravity-turn 
type  of t r a j e c t o r y  becomes poss ib le  over a wide range of t r i p  times. For 1979 
t o  1980, t h e  minimum AV i s  s l i g h t l y  less  than  t h a t  f o r  t h e  bes t  g rav i ty  t u r n  
and occurs a t  a sho r t e r  t r i p  time, about 500 days. Also,  i n  both 1970 t o  1971 
and 1979 t o  1980, t h e r e  is  only a slow increase i n  AV with decreasing t r i p  
time f o r  t r i p  times down t o  about 400 days. 

Even f u r t h e r  reductions i n  AV occur when an aerodynamic t u r n  i s  used at 
Mars. Values only s l i g h t l y  g rea t e r  t han  tha t  f o r  a one-way t r a n s f e r  occur f o r  
a vehic le  with a l i f t - d r a g  r a t i o  of 4. Signif icant  reductions i n  AV below 
t h a t  f o r  the  propulsion-gravity t u r n  ex i s t  a l s o  f o r  the  more p r a c t i c a l  l i f t -  
drag r a t i o s  of 1.5 and 2.0. The t r i p  times f o r  low AV are between about 380 
and 420 days f o r  t h i s  case. 

The ef fec t  of launch year on t h e  required AV may b e  seen by comparing 
t h e  values  i n  f igures  30 and 31. For t h e  g rav i ty  and t h e  propulsion-gravity 
turns ,  the values  of AV are g r e a t e r  i n  1979 t o  1980 than  i n  1970 t o  1971. 
This e f fec t  i s  due t o  t h e  eccen t r i c i ty  of t he  Mars o r b i t .  The t r i p s  i n  1970 
t o  1971 pass Mars when Mars i s  near i t s  perihelion, as i l l u s t r a t e d  i n  figure 1 
(p. 2 ) .  The t r i p s  i n  1979 t o  1980, however, pass Mars when Mars i s  near i t s  
aphelion. A comparison of t he  atmospheric tu rns  i n  1970 t o  1971 and 1979 t o  
1980 shows that  t h e  required propulsive veloci ty  increment f o r  t h i s  type of 
t r a j e c t o r y  i s  least  s e n s i t i v e  t o  t h e  launch year. 

Table IV summarizes the remaining mission parameters f o r  se lec ted  m i s -  
s ions:  t h e  1-year and 540-day g rav i ty  turns, t h e  420-day propulsion-gravity 
turn,  and the  420-day atmospheric t u r n  w i t h  an L/D of 2.0. The approach ve- 
l o c i t i e s  at Ear th  are comparable f o r  t h e  three mission types.  This ve loc i ty  i s  
highest  f o r  t h e  1-year g r a v i t y  t u r n  and the  propulsion-gravity t u r n  missions i n  
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1979 t o  1980. 
f o r  t h e  aerodynamic tu rn  case but  qu i te  modest. 

The g-loads required fo r  t he  maneuver a t  Mars a r e  the  g rea t e s t  

Sketches of t h e  in te rp lane tary  t r a j e c t o r i e s  f o r  the 1970 t o  1 9 7 1  minimum 
AV missions of t a b l e  IV a r e  shown i n  f igure  32. There a r e  severa l  observa- 
t i ons  t o  be made about these  t r a j e c t o r i e s :  

(1) They a l l  pass Mars (pos i t ions  2 and 3) when Mars i s  near i t s  perihe- 
l ion.  

( 2 )  In general, t he  outbound l e g  i s  a d i r e c t  t r a j e c t o r y  ( i . e . ,  it passes 
through neither an aphelion nor a per ihe l ion) ,  and t h e  r e tu rn  l e g  i s  an in-  
d i r e c t  t r a j ec to ry  ( i . e . ,  it passes through both an aphelion and a per ihel ion) .  
For t r i p s  of nearly 1 .5  years duration, the  outbound l eg  i s  a per ihe l ion  tra- 
jectory.  
as may be judged from t h e  posi t ion of Earth a t  launch (pos i t i on  1). 

Longer t r i p  times a r e  associated pr imari ly  with e a r l i e r  launch dates,  

Corresponding t o  t h e  in te rp lane tary  t r a j e c t o r i e s  of f i gu re  32, figures 
33 and 34 show the  t r a j e c t o r i e s  i n  the  v i c i n i t y  of Mars approximately t o  sca le  
and i n  Mars-centered coordinates. 
from the  passing vehicle.  For a l l  the  t r a j e c t o r i e s ,  t he  f l i g h t  vehicle  would 
approach Mars from ahead of t h e  planet and from beluw the  l o c a l  hor izonta l  
( i .e. ,  the l i n e  perpendicular t o  the  radius  vector from the  Sun, a t  Mars), and 
leave Mars above the  l o c a l  horizontal .  As  a l ready mentioned, the  g rav i ty  t u r n  
t r i p s  of longer than 548 days pass Mars on t h e  Sun s ide ,  and thus o f f e r  a good 
view of the s u n l i t  side. A 560-day t r i p  i s  shown i n  f igu re  33. The t r i p s  t h a t  
a r e  shorter than 548 days pass on the  so-called dark side.  The 520-day t r i p  
( see  f ig .  33 a l so ) ,  however, approaches Mars from 40' off  the  Mars-Sun l i n e  and 
thus offers  an oblique view of t he  s u n l i t  side. 
offers  a s imilar  view. 

These figures i l l u s t r a t e  t h e  view of Mars 

The 360-day g rav i ty  t u r n  t r i p  

rOrbit of 
,A-----".. ' Mars 

,*' Orbit of ',, 
11' earth-, 

, 
, 1 ,111 

-Mars perihelion 
(a) 1.5-Year-period 

synchronous tra - 
jectory. 

.----------- *. ., 
,' 

(c) 420-Day atmospheric tu rn  
trajectory. 

(b) 1.0-Year-period synchronous 
trajectory. 

-. -_ - ---_ 
,,e- 

/' 

(d) 420-Day propulsion-gravity 
tu rn  trajectory. 

The 420-day 
propulsion-gravity turn  
t r a j e c t o r y  ( f i g .  34) ap- 
proaches Mars from 37' 
off the Mars-Sun l i n e  and 
a l s o  y ie lds  an oblique 
view of the s u n l i t  side. 
The 420-day atmospheric 
t u rn  t r a j e c t o r i e s  approach 
Mars from only about 10' 
off  t he  Mars-Sun l i n e  and 
thus give an almost d i r e c t  
view of t he  s u n l i t  side. 
I n  general, a l l  t h ree  
types of t r a j e c t o r i e s  can 
provide a t  least an 
oblique view of t h e  s u n l i t  
s ide  of Mars. 

Figure 32. - Mars nonstop round-trip trajectories. Launch year, 1970 to 1971. 
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Figure 33. -View of Mars for gravlty turn trajectories. Launch year, 1970 to 1971. 
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Figure 34. -View of Mars for  atmospheric and propulsionqravity turn trajectories. Launch year, 1970 to 1971; 
total t r i p  duration, 420 days. 
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CONCLUSIONS 

The following conclusions can be drawn f r o m t h e  present s tudy of Mars non- 
s top  round-trip t r a j e c t o r i e s  using gravi ty ,  propulsion-gravity, and atmospheric 
t u r n s  a t  Mars: 

1. When compared with g rav i ty  turns ,  t h e  use of propulsion near Mars mark- 
ed ly  expands t h e  range of possible  t r i p  times and favorable  launch da tes  and, 
i n  some cases, reduces t h e  required t o t a l  propulsive ve loc i ty  increment. 

2 .  Atmospheric t u r n  t r a j e c t o r i e s  a t  Mars can y i e ld  t h e  lowest propulsive 
ve loc i ty  increments. The values  approach t h a t  f o r  a one-way f lyby  of Mars f o r  
high vehicle  l i f t - d r a g  r a t i o s .  Low propulsive v e l o c i t y  increments occur f o r  
t r i p  times down t o  about 1 year. 

3. In  general, g rea t e r  propulsive v e l o c i t y  increments are  required i n  1979 
t o  1980 than i n  1970 t o  1971. The propulsive ve loc i ty  increments f o r  t h e  atmo- 
spheric  tu rn  t r a j e c t o r i e s  are t h e  l e a s t  a f f ec t ed  by  t h e  launch year. 

4. The maximum g-loads associated with t h e  atmospheric t u r n  mission a r e  
less  than 7 Earth g ' s  f o r  vehic les  with a l i f t - d r a g  r a t i o  of 1 .5  o r  g rea t e r .  

5. For atmospheric t u r n  and propulsion-gravity t u r n  t r a j e c t o r i e s  with low 
propulsive ve loc i ty  increments, t h e  Earth approach v e l o c i t i e s  are  less  than  
twice Earth c i r c u l a r  ve loc i ty  f o r  t h e  1970 t o  1971 launch year, but  t hey  in-  
c rease  t o  about 2 . 5  Earth c i r c u l a r  ve loc i ty  f o r  1979 t o  1980. 

6. For t h e  atmospheric t u r n  t r a j e c t o r i e s ,  vehic les  with a l i f t - d r a g  r a t i o  
of 1 . 5  or g rea t e r  are des i rab le .  The atmospheric en t ry  v e l o c i t i e s  a t  Mars for a 
veh ic l e  with a l i f t - d r a g  r a t i o  of 1 .5  o r  g rea t e r  a r e  less than  37,000 feet  per  
second i n  1970 t o  1971 and less than  47,000 fee t  per  second i n  1979 t o  1980. 

7.  A l l  t h r e e  t r a j e c t o r y  types can o f f e r  a t  l e a s t  an  oblique view of t h e  
s u n l i t  s ide  of Mars. 

8. The propulsion-gravity and atmospheric t u r n  t r a j e c t o r i e s  o f f e r  the  
p o t e n t i a l  of f a s t  nonstop round t r i p s  t o  Mars w i t h  low propulsion requirements. 
I n  par t icu lar ,  t h e  p o s s i b i l i t y  of a mission i n  t h e  e a r l y  1970's of about 
400 days duration and based on a propulsion-gravity t u r n  o r  an atmospheric t u r n  
t r a j e c t o r y  warrants fu r the r  consideration. 

Lewis Research Center 
National Aeronautics and Space Administ rat ion 

Cleveland, Ohio, October 8, 1964 
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APPENDIX A 

SYMBOLS 

F 

rnax G 

JD1 

m 

r 

thrust applied at 1.1 Mars radii for propulsion-gravity turn 

maximum fo rce  c ) r  g-lcsd on vehicie, Earth g's 

acceleration due to gravity 

launch date from Earth 

ratio of lift to drag 

mass of atmospheric turn vehicle 

radial distance from center of planet to vehicle, miles 

+d 

radius of Mars surface 

transfer time from Earth to Mars, days 

total trip duration, days 

TO 

TT 
t time 

AV propulsive velocity increment 

VC circular velocity at periapsis of planetocentric trajectory, miles/sec 

minimum AV for single-impulse transfer between hyperbolic trajecto- 
ries (from ref. 7) AvG 

heliocentric velocity of spacecraft, miles/sec 

hyperbolic excess velocity of spacecraft (occurs at sphere of influ- 
vH 

ence), miles/sec 

mi le s /s e c 

'h 

propulsive velocity increment applied at Mars sphere of influence, "h 

dimensionless hy-perb olic excess velocity, Vh/Vc 

velocity at periapsis of planetocentric trajectory, miles/sec 

'h 

vP 
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characteristic propulsive velocity increment for thrusting at 1.1 Mars 
radii, miles /sec 

dimensionless planet periapsis velocity, V /V 

total propulsive increment for nonstop missions, miles/sec 

propulsive velocity increment to leave Earth, miles/sec 

velocity of Mars in its orbit, miles/sec 

P C  

angle between vehicle heliocentric velocity vector and local horizontal 

required flight path turning above that provided by gravity turning 

flight path turning achieved during flight through Mars atmosphere 

flight path turning achieved by thrusting at Mars sphere of influence 

flight path turning achieved during thrusting at 1.1 Mars radii 

angle between thrust vector and flight path (local horizontal) for 
thrusting at 1.1 Mars radii 

flight path turning due to gravity from arriving sphere of influence to 
initial periapsis of Mars-centered trajectory 

total turning along hyperbolic trajectories from arriving to departing 
sphere of influence 

flight path turning due to gravity from final periapsis to departing 
sphere of influence 

angle between Mars velocity vector and local horizontal 

total required turning angle measured at Mars sphere of influence 

gravitational force constant, miles3/s ec2 

Subscripts : 

A atmospheric turn 

C circular orbit 

h sphere of influence 

max maximum 

P propulsion-gravity turn 

P per iaps is 
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T 

d 

1 

2 

3 

4 

- 
a t  r 

t o t a l  

Earth 

Mars 

departure from Earth 

a r r i v a l  a t  Mars 

departure from Mars 

a r r i v a l  a t  E a r t h  
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APPENDIX B 

COMPARISON OF PRESENT AND OPTIMUM TECHNIQUES 

FOR THRUSTIlJG AT MARS 

The present report  considers t h rus t ing  a t  e s s e n t i a l l y  two locat ions,  t h e  

T h i s  approach was con- 
sphere of influence and t h e  t r a j e c t o r y  per iapsis ,  t o  ca l cu la t e  t h e  
t r a n s f e r  between two hyperbolic t r a j e c t o r i e s  a t  Mars. 
venient ana ly t ica l ly .  
b o l i c  t r a j e c t o r i e s  by means of a s ing le  impulse i s  analyzed i n  reference 7. 
t h i s  appendix, t h e  r e s u l t s  of reference 7 a r e  used t o  ind ica t e  t h e  degree of 
conservatism of t h e  present approach. 

AV t o  

The opt i m w n  loca t ion  f o r  t r a n s f e r r i n g  between two hyper- 
In  

The differences i n  t h e  AV f o r  t h rus t ing  a t  t h e  loca t ions  assumed i n  t h e  
present  analysis  and t h e  AV f o r  t h rus t ing  a t  t h e  best loca t ion  AVG a r e  - - 
shown i n  f i g u r e  35. The parameter Avh - AV, appl ies  f o r  t h rus t ing  a t  t h e  
sphere of inf luence and 
s is .  
dimensionless by dividing by t h e  c i r c u l a r  ve loc i ty  at per iaps is ,  1.1 Mars 
r a d i i .  A zero value of t h e  parameter ind ica tes  zero d i f fe rences  from the  
optimum. 
approach ve loc i ty  f o r  two turn ing  angles at t h e  sphere of inf luence 
seve ra l  values of t h e  r a t i o  of hyperbolic leaving t o  a r r i v i n g  ve loc i ty  

vh,3/Vh,2. 
l e g  of  the  approach hyperbola. 
slope apply f o r  t h rus t ing  a t  t h e  per iapsis ,  and t h e  s o l i d  and dashed curves 

- - 
AVp - AVG 

Consistent with t h e  ana lys i s  of reference 7, t h e  v e l o c i t i e s  are made 
f o r  f i n i t e  t h rus t ing  a t  t r a j e c t o r y  periap- 

The aforementioned parameters a r e  p lo t t ed  against  t h e  dimensionless 
8 and 

It i s  assumed here  t h a t  t h e  t r a n s f e r  takes  place on t h e  outbound 
In f i g u r e  35, t h e  s o l i d  curves with pos i t i ve  

. 4  .8 1.2 1.6 2.0 2.4 - 2.8 
Ratio of hyperbolic to c i rcular velocity arr iv ing at Mars, vh, 

Figure 35. - Comparison of present method of calculating propulsive AV at Mars 
with optimum single impulse AV of reference 7. Circular velocity at periapsis 
of Mars-centered trajectory, 2.14 miles per second. 

with negative s lope 
apply f o r  t h rus t ing  a t  
t h e  sphere of influence.  
The dash-dotted l i n e s  
give t h e  locus of i n t e r -  
sec t ions  between t h e  two 
curves. To the  l e f t  of 
t h e  in t e r sec t ing  points,  
t h r u s t i n g  a t  t h e  pe r i -  
a p s i s  gives the  lower 
AV; t o  t he  r i g h t  of t h e  
in te rsec t ion ,  t h rus t ing  
a t  the sphere of i n f lu -  
ence i s  superior .  Of 
course, t h e  lower AV i s  
se lec ted  i n  every case. 
The maximum conservatism 
occurs along t h e  locus of 
i n t e r s e c t  ions, decreases 
as vh, 3/vh, decreases, 
and approaches zero as 
vh,3/vh,2 goes t o  1.0. 

36 



For t h  s i t u a t i o n  wher t h e  optimum locat ion of a s ing le  impulse i s  at t h e  
per iapsis ,  t h e  present method of per iaps is  th rus t ing  (see ANALYSIS) - gives 
values of AV 
When no ve loc i ty  change is  required (i. e., Vh, 3/Vh, 
reQuired, th rus t ing  a t  t h e  sphere o f  influence would be best ,  that is ,  
ATp - ATG = 0. 
t i v e  s lopes.  

equivalent t o  those  of reference 7, that is, ATp - AVG = 0. 

= 1.0) and only turn ing  is  

This t rend  can be seen i n  the segments of t he  curve with nega- 

The Last two columns of t a b l e  11 (p .  18) show the  values of  8 ,  Vh,g/vh,2, 
and vh 2 corresponding t o  the  minimum AVT missions t h a t  a r e  summarized i n  
f igu re  14 (p .  1 7 ) .  i s  less 
than 1.3 and the turning angles a r e  between 40' and 73'. 
these cases i s  estimated from f igure  35 t o  be less than 0.06 mile per second 
or l e s s  than 2 percent of the  t o t a l  AVT shown i n  f igure  14. The conservatism 
for t h e  500- and 520-day t r i p s  may be somewhat l a r g e r  than t h i s .  
however, g rav i ty  turns  a r e  possible  and t h e  th rus t ing  a t  Mars is  eliminated. 

For t r i p  times of l e s s  than 480 days, vh,3/vh,2 
The conservatism f o r  

A t  540 days, 

For those regions of t o t a l  t r i p  times where propulsive-gravity t u r n s  give 
lower values of AVT than g rav i ty  turns  do, it was found tha t ,  f o r  1970 t o  
1971, t h rus t ing  at the departing sphere of influence wa.s t h e  best  of the alter-  
n a t i v e  1ocl.at.icns cecsidered. E l s  -KZ a l s o  ti.i;Le for- 1979 t o  is80 f o r  t r i p  
times of less than 500 days. For t r i p  times of about 500 t o  540 days i n  1979 
t o  1980, lower values of AVT r e s u l t  f o r  th rus t ing  a t  per iaps is .  

Thus, che best  of t h e  present a l te rna t ives  f o r  t h rus t ing  a t  Mars r e su l t s ,  
at worst, i n  a t o t a l  mission AV that is only s l i g h t l y  higher ( 2  percent)  
than would be found if  optimum s ingle  impulse th rus t ing  were used. 
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